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NATIONAL ADVISORY COMMITTEE FOR AERCNAUTICS

ADVANCEZ RESTRICTZD REPORT

Al IFVESTIGATION OF A THERMAL ICE-PREVENTIOQON SYSTEM
FOR A C-46 CARGO AIRPLANE
I -~ AVALYSIS OF TEE THERMAL DESIGN
FOR WINGS, EMPENWAGE, AND WINDSHIELD

By Carr B. Neol, Jr.
SUMMARY

Thie revort, the first of a series on an investigation
to develop a thermal ice-prevention syatem for tho C-46 cargo
airplane and to provide fundeamental information concerning
the performance and cperation of the system, presents an
analyels of the desisn «f the thaermal arti-icing equipment
for the winge, the empennage, and the windehield, The pur-
pose of the analvsis wae to establieh the thermal require-
mente for the C-46 ico-prevention equipment on the dasie of
a certaln termporature rise for all pointe on the heatod sur-
faces of the winges and the ompeanaze, and of a specified heat
flow through the outer panel of the windshield. The rate of
heat tranefer from the wing and omvennage surfaces was calcu-
lated by utilizing the alrfoll pressure distridbutions for
theso surfacee measurod in flight.

The design analysie showed that the thermal requiremente
for the anti-icing svetemrs of the wings, tho omvennaze, and
the windehield were within the limite of practicadility, al-
though complete protoction of the windshiold might not be ro-
alizod in-the epocific application when utilizing a secondary

hoat exchanger, Shss

INTRODUCTION

For several years the NACA hae been engaged in a re-
search program to inveetigate the feasibillity of utilizing
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the waete heat of airplane engine exhaust gases to heat those
oerts of an airplane that raouire protectior from the forma-
ticn of ice in order to provide safe and efficient oporation
of %“he airolane in icing conditions. Ir this thermal anti-
icing method, the heat of the exhaust gasss ie transmitted to
air in suitable Leat axchansers locatsd adjacont to the
enginea, and the heated air is then circulated through the
airplano so that it paerscs alonz tho inner surfacee of af-
fected parts. The method has been domonetrated to bde sound
in euccessful applicatiens to a lockneed 12A airplane, a
foneolidated B-24D airplane, end a Boeing 2-17F airplane
(referencee 1, 2, and 3, respectively). These applicatione
wsre mode at the Committse's Ames Aerorautical Laboratory,
Moffett FTiold, Calif.

As a continunation of thie genora) research program on
aircraft ice provention, the laovoratory has undertaken a com-
preheneive investigation to develop a thermal ice-prsvention
svetem for a Curtises-Wright C-46 cargo airolane. The !nves-
tigation conesists of a desigsn analysis of the heat anti-icing
svetem, design and construction of the exhaust-gas-to-air
hsat exchangers, fabrication and instrumentation of the cou-
plete system, and performance teots of the C-4€ airplane
eouipped with the therual ice-prevontion oystem under dry air
and natural icing conditions.

This report is tho first of a seriee describing the in-
vestigation,and presents tno design analysis of the thermal
ice-prevention system for the wings, thc empennage, and the
windshield. ZEmvhasis was vlaced on this phaso of the inves-
tigation because it was beliceved necessary to establish a
satisfactory theoretical tasie for the design of the system
before extensive application of trne system could bo accom-
plished. The investigation hae been undertaken at the re-
ouost and with tho cooperation of tho Air Technical Service
Conmand of the U, §., Army Air Forcos and with the assistanco
0f the Curtige-Wright Corporation.

TENTATIVE DESIGN OF TREE THERMAL ICZ-PREVENTION SYSTEM

A standard C-46 cargo airplanc, ehown in figure 1, was
provided for the investigation. The tentative design of the
thsrmal ice-prevention system, on which the subsegquent anal-
vsis was mnde, was based on vprevious experience (roferences
1, 2, and 3). Tho inportant elemente of tho design are ehown
in figures 2, 3, 4, 5, and 5. The existing structure of the
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airrlane and ether practical consideratiens limited various
factore of the deeign.

In this design the required supoly of heated air fer
trte ice-prevertion evetem was provided ty four exhaust-gas-
to-alr iieat exchangars, two in cach eneino racelle. The
heat exchaneers were locatecd on the indoard and outboard
eldos of the nacelles eo0 that the two exhavetwgace plpss from
the cellecter rings on tho engines lud te the cxhauvet-gas
entrarces of the haat exchangers. On tho basls of the design
the oeuteide air was passed throush the erxchangers and thence
circulated threurh ducts to the winge, tie empernrage, and the
windehield. The exchangsre on the ovtboard sidee of the na-
colles esunpllied heatod air to the wirg outer pancle, arnd the
two irbeoard exchangers supplied heated air to thc wing inbeard
panols, the empenrage, and tho wirdshleld., The dispesition

of the heatcd air as considered in the analysis 1s shown in
figure 2.

Tho propesed construction of tho outbeard wing leading-
cde: reclons, which in tials report includo the airfoll sec~
tiens forward of the 10-percent chord polnts, ie 1linstrated
in figure 3. Avallalle dles made the corrugaticn-type passage
shown in flgure 3 most expedient for the internal circulation :
ef heated alr over tune surfacee to oe protected. The upper X
anrd lower corrugaticns were dividod by a centinuous spanwise
elot at the O~percent reference cherd point in order to allow
the erntrance of heatod air, which flowed chordwise betwean
the currugations and the outer wing skin. Tho location of
ezsential wing structure at 10-percent chord required that
the corrugations be terminated at that peint. The baffle
nlate, which was located between the 5- and 6-percent chord

pointe (becauee this location was most advantageous from the
standpoint ef fabrication) formed, with the leading-edge

inner surface, tho spanwiee duct to distribute heated air te
the corrugations.

Structural coneiderations requirod that most of tho nose
- ribs be retained. However, the installatien of a corrugated
v inner skin 1s known to add a certain amount of rigidity te
winz and empennage structuree, and accordingly the noee ribdvs
outboard of statien 292 (fig. 2) were omitted. A linor wae
S inetalled along the inner edeges of the nose ridbs in order to -
e give a emeother contour te the wing leading-odgoe duet than .
- would be possidble 1f the nose ribe were exvoesed to offer re-
- rletance to the flow of heated air. The liner was torminated
i at etation 292 because the design called for omiselen of the l
nose ribe outboard ef that point. Holee were cut in the nose- ;
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rid liner as shown in figure 3 to allow the passaze of heated
air from the leadinz-edge duct o the corrugation entrances,
Trus the heated air passed along the leading-edzo duct (re-
#ion 1 of flg. 3), through the corrugation geps (region 2)
into tho epace tetween tho bafflo and front spar (region 3),
through tho holee in the spars, aré from tho aftorbody of the
wing (rrgion 4) out trrough exit holee in the aileron and
lap-hingo rersions (region 5).

The distribution of heatod air for tne emponrage and de-
tails of tke lendirg-edge region construction of these sur-
faces, as conglderod in the analyeis, arc shown in figures 4
and 5, rospectively. Tho propoeod norizontal-etadilizer and
vortical-*in thormal ryetoms are eimilar to that of tho wing
outer panels. However, tho noee ribe worc oliminatad ontiroly
and the loading~edge ducts were formed by the corrugations and
the baffle plate.

The tentative windenield tharmal system design ie illus~
trated in figure 6, which showse the pilot's windshield only,
Thie dosign coneistes of two glase panels epaced with a con-
stant gap botween them. The existing windsklield outer pancle
are unde up of two layers of semi-tempered plate glass sopa-
rated by a layer of vinyl plastic, In the tentative anti-
icing~system desisn the hoated air entered the plenum chamber
at the base of the windshield panele, passed upward through
the gap between the outer and inner glass vanes, ard exited
at the top into the cabin, thus heating the pilot's compart-
ment as well as protecting the windshield from icinz. Because
of this svecial dosign foature, hLowever, it wae nocessary to
include in the windehiold anti-icing eystem a secondary heat
exchanger in order to prevent carbton monoxide from entering
tho cabin in the event of a failure of tho exhaust-gans-to-air
heat exchanger. Tho secondary hoat exckhanger transferred
heat from the vrimary Leating air, supvlied by the intoard
exhaust-gas-to=nir heat exckhangors, to the secondary air from
the ambient etream. Tho windshield ice-prevention system iu-
cluded valves by reans of which the socondary heatod air could
be discharged directly intos the pilot'e compartment during
periods whon windshield hoating 2e& not nocosesary,

TEST PROCEDURE

The airfol!l pressure distridutione over the wings and
the empvonnase wero obdtained exverimentally in flight in order
to »wrovide a basis in the analyeis for calculating the heat

= I T R T iy i T e




YACA LRR No, B5AGC3

transfer from the heated surfaces of the airplane to the out-
elde air. This method of analysis is believed to be a more
rational vprocedure for ootaining the heat reouilremente of
these surfaces than the methods used in previous designs of
aircraft thermal ice-prevention eystems.

The pressure distributions were measurod by neans of
preseuro belts, as doscribed in referonce 4, Data wore ob-
tained for stations 82, 157, 292, and 382 on the outor panel
of the right wing; stations 72, 127, and 172 on the right
stabilizor; anéd statione 122 and 172 on the fin., Tho airfoll
sections of the wing consist of an NACA 23017 section of 16,5-
foot chord at station O, tapering to an NACA 4410.5 section
of 7.1-foot chord at station 393, which is 19 inches inboard
of the wing tip joint (etation 412). The wing at station 393
has three degrees of washout with respect to station 0. The
horizontal stabilizer and the vertical fin both have NACA G010
airfoil sections througkout,

Tha pressure belts were wravped around the leading edges
of the wing and empennage surfaces and oxtended back approxi-
mately to the 20-percoent chord point. Typical installations

are shown in figures 7 and 8, and the water manometer used
for indicating pressures at the empennage vpressure belts 1s
shown in figure 9.

Previous experience with similar therral ice-prevention
installations has indicated that a satisfactory assumed de-
slgn flight condition 1s cruising engine power for maximum
range at a pressurd altitude of 18,000 foot. The first two
flights were made at & vressure altitude of 18,000 feet with
engine-power setting to avproximate rmaximum range of the air-
vlane, and the pressure distributions for the two outboard
stations of the wing and the horizontal stabilizer wore ob-
tained. Tre indicatod ailrspeed was established at 155 miles
ver hour under level-flight conditions., The required indi-
cated airspeed having been determined, the remaining vressure
distributions were secured at 5C00 feet pressure altitude and
avproximately 155 miles per hour indicated airspeed. It was
assumed that at the same indicated airspoed the angle of at-
tack of the airvlane and the airfoil pressure distribution
aro unchanged with variations in altitude for level flight at
a constant load condition., The gross weight of the airplane
and crew, in flight, for all the pressure-belt tests was &ap-
proximratoly 39,000 pounds. During the flighte, the wator
nanometors indicating tho prossures at tho pressure belts
were allowed to reach equilibrium, and the manometers were
photosravhed to record the readings. Adter each flight, the
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preseure delte were moved to the next station and the pro-
oedure was repeated.

usged:

A

SYMBOLS
Yor the purpose of analysis, the following syndols were

croes-gsectional area, sauare feet
longth of airfoil chord, feet

specific Leat of air, British thermal units per pound,
depree Fahrenheit

equivalent diameter of a duct, eaqual to 4m, feet

friction factor for air flow in ducts

gravitational acceleration, taken as 32.2 feet per sec-~
ond, eecond

welght rate of air flow ver unit of cross-seotional area,
pounds per sacond, square foot

surface heat-transfer coefficient, British thermal units
ver hour, square foot, degree Fahrenheit

thermal conductivity of air, British thermal units per
hour, sguare foot, degree Fahrenheit per foot

distance around airfoil surface, measured chordwise from
O-percent-chord point, feet

hydraulic radius, or ratio of crose-sectional area to
wetted perimeter in a dnct, feet

length of air duct or corrugation, feet

Nuaselt number, cqual tc hDg/k

calculated static pressure, pounds per square foot or
inches of water

meagsured pressure differential from free-stream static
preessure, inches of water

F._.nf..{r*
: o
ey AT ]
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free-ctream static pressure, pounds per square foot
pressure coafficient, oqual to pg/q,
frece~strcam dynamic pressurce, inchos of water

rate of heat flow, Britieh thermal units per hour

gas constant for air, taken ae 53,3 feet per degres
Fahrenkeit

body Revnolds number, eqnal to ¢Vgy/p

Reynolde number, equal to GDg/u

"{'-"":'"F'

diatance around airfoil eurface, measured chordwise
from etaznation point, faet

4
e

s’
b

surfacoc arca, square fcoet

temperature, degrces Fahrenheit
tenperature, fdegreces Fahrenheit adeclute
specific volume, cudbic feet per pound

local ambient-air velccity outside the bdoundary layer,
feet per second

alrplane indicated airsvved, miles por Lour
frce~stream velocity, feot por second

weight rate of air flow ner corrugation, pounds per hour

weight rate of air flow, pounds per hour

distance along chord line, measured from O-percent-chord
point

density of air, ponnds mer cubdic foot
boundary--laver thickness, feet

constant dependent on shape of boundary-layer velocity
profiloe
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abselute viscosity of air, pounds per seoond, feet

kinematic viscosity of air, equal to /Y, square feet
per esecond

Tor the sake of clarity, other symbols, not presented
here,will be defined when introduced.

The values of Cpr W, and k for air, subsequently

used in the calculations, were taken from figure 10, which
contains plots of data obtained from roference 5.

Use of Subscripts

The temperature, preesure, and specific volums subscript
numbers refer to the temperature, the pressure, or the spe-
eific volume of the region to which the numbers apply (figs.
3 and §). Thus, the temperature of the air in a corrugation,
region 2, will be designated as t;, the static pressuru as

Pgs, 4and the specific volume as v,

Two subecript numbers refer to the flow of heat from one
region to another, Thkus, the heat-transfer coefficieat for
the air in a corrugation to the wing surface will be desig-
neted as h__.

The subscript av refers to average conditions.
ANALYSIS OF WING AND EMPENNAGE THERMAL SYSTENS

Past experience has indicated that a satisfactory design
specification to insure ice prevention igs the maintenance of
the heated surfaces at avproximately 100° ¥ above ambient-air
temperature duriug flight in dry air (no visible moisture) at
a vreesure altitude of 18,000 feet with cruising engine vower
for maximum range. Therefore, for the purpose of this anal-
ysis, the reuuiroment of a minimum tomperature riee of aporox-
imatoly 100° P for all points on the surfaco of the wing and the
empennage between the O~ and 10-vercent-chord voints was
established for the design flight conditions of 0° F ambient-
air temverature, 18,0C0 foet pressure altitude, and 155 miles
per hour indicated airspeed.

Preliminary investigation of the structure in which the
system was to be installed indicated that essential wing
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structure vrecluded freedom of design. An analysis indicated,
rowever, that a sstisfactory thermal design could be obtained
withouvt altering thie osgeatial pripary structure, and use
could be made of existing dle equipment for fabricating the
irner s¥in, Aes a result, certain design factors were consid-
ered fixed at the start of the analysis, such as tho extent
of *ho heatod rogion or tho length of the corrugatione, wanich
vag fixed by the location of eseontial structure at tre 10-
percent-cnord point, and the corrugation sizo, which was do-
termirod by availadle dios, With those factors fixod, tho
ernnlysie resolvod iteself into the adjustmoent of such variabdle
factors as the heated-air flow rate and the pressure drop to
gsatisfy tho design svecification., <Tho analysis therefore
consistod of the detormination of (1) the boundary-layer
characteristics from which the externel heat-transfor cooffi-
clents could bo calculatod, (2) the ndjustment of thae hoatod-
air flow rate to obtnin the requirod surface temverature
rise, and (3) the caleculation of tho resulting air-pressure
drops to ascertain that equilibrium had beon established.
These phases are discussed hereinaftor undor appropriato sec-
tions of tho report.

A trial-and-error procees was employed in the calculation
of the thermal anrd pressure values. A more elegant analysis
wag precluded by the great numbor of veriables involved and
the compliceted relationships resulting when expressed in
analytic form,

The analysis was 1mado for the wing outer vanel from sta-
tion 11 to station 412, for the horizontal stabilizer from
station 47 to station 120, and for the vortical fin from sta-
tion 112 to station 192. The analytical study did not in-
clude consideration of tho wing inboard panel or thes tips of
the wing, the stabilizor, or the fin.

Boundary-Layer Characteristics

The determination of the externanl heat-transfer coeffi-
cients is dependent upcen knowledgze of the characteristics of
tho boundary larer surrounding the hoatoed surfaces. The
pressure-belt data recorded during flight tests were uced to
calculate the coofficionts ¢f heat transfer from the airfoeil
surface to the boundary layer at eacl: belt location. The
differences between the measured static pressures at the belt
orifices and the froe-stroam static pressure were doterminod
and are designated as psf. Tadle I presonts all caiculated

values of (1 - P) where P = pg/qe. A plot of (1 - P) as a
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function of the chord in percent for wing station 82 is
siven in figure 11, Simlilar plots of alrfoil pressure dis-
tridbution were mede for each set of pressure-belt data, but
are not prosented in this report. Values of (1 - P) were
taxen from these curvos for convenient chord statione and
corroespronding values of the velocity ratio, V/Vo, were

calculated by the equation
V/Vo =1 - P (1)

which is dorived from Bernoulli's equation for fluid flow.
Figure 12 gives a curve of the velocity ratio thus obtained
for flow over the wing at station 82.

The location of the laminar-~egeparation point was deter-
mined ae a function of the slopos of the velocity profile.
The curves of velocity ratio wore roplaced by two straight
lines (referred to as double-roof profilees in referance 6
the slopes of which closely approximated the slopes of the
actual velocity vrofile. The ratios of the sloves of the
double-roof profiles were calculated, and the ratioe of tho
local velocity at sevaration to the maximum local volocity
wero obtained from figure 13, whero b 1is the =slopo of in-
ecreaeing velccity and f is the slovo of decrensing veloc-
ity. TFiguro 13 ie a vlot of the following equation which
wne obtainod from feotnote 1 on vage 21 of reforence 6,

%§=\/1-!‘(Ga-1) (2)

where
Ug local velacity at lamirar soparation
U, maxizum local velcecity

r ratio of B to D

€s a function of r

For tho uppor surfaco at wing station 82,

0.278

6.00

T e . T
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Then

.278 | 0.0463

.0

and from figure 13,

From flgure 12,

0.906 % 1.52 =

Thus, by extonding the docreasing veloclity curve beyond the
limits of tho graph ghown in figure 12, it was found that
separation occurrcd at s/ec x 100 = 27.

Trsnsition from laminar to turbulont flow ovor tho air-
fo0il =urfacos was ccneiderod to take place at the laminar-
separation point. In all casos, the soparation point was
established well aft of the reglion to vo heated. Since
tho boundary layer was found by the salculations to bo lamp~
inar over the heated areas, the method presented in reference
7 was used to detormine the boundary-layer thicknoss. The
oquation for boundary-layer ¢hicknoss & 1in the laminar-flow
region, as glven in reference 7, 1s

s, /¢

P e.17
s . 5.3¢” s;/c) {, (Vv;) a(£)

82 = 220 (-
Re VAN

c

V1\°'17 (ﬂl\

Vo/

whero the subscrint 2 denotes the point on the airfoll sur-
face at which tho boundary-layer thickness is teing zomputed.
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B;/C

sy Be17
Tre svaluation of '%L) d (E) wae mude graphically in
- o

each cmaee, using curves of the functions of velocity ratio
similar to gh‘se shown in figurs 14 Ths valuss of ths con-
stant 5.3c“/R, were determined from the true airepsed and

the rhord length,
For wing station 82,
¢ = 14,51 feet

Tre indicatsd airsnsed dsviated sli.htly from ths desirsd
value of 155 miles psr hour during oach flight when the vres-
sure-belt data were recorded. The indicated alrepesd was 181
miles psr hour Adurinz ths flight when telt data wsre obdtained
for station B2, Correcting %hs irndicated nsirspeed to free-
stream velocity, using the rsciprocual square root of dsnsity
ratio at 18,000 fest prsssure altitude, gives

Vo =1.325 V4 = 1,325 x 151 = 200 wilse psr Lour

293.5 fset per second

At 18,000 fest pressurs altituds and 0° P freo-air tempera-
turs,

Po 1058
¥ v 28 & — —— = 0,0431 pounds per cubic foot
AT © 53.3 x 460 P .

From figure 10,

B o= 1,104 Xx 102 pound vper sacond, fset at o°F

-5
1.104 x 10 i
00431 = 0.C00256 squars foot psr second

eV, 14,51 x 293.% 6
—_— 2 ———————— = 16.64 X 10
v 0.000258

5.3¢7 _ 5.3 x 14,517

i = 0.0000671
Re 16.64 x 10°
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Since the value of § 1& indeterrinate at the stazna-
tion poirnt, the followins eporoximation reccrmmended in refor-
ence 7 wae used:

2
2 c
i 4
’ stag = Sﬂc (4)

where r 18 the radiue of curvature at the stagnation point.

For wing station 22,
T = 5.26 inches

2
14. > -
2 = &8 % J.8¢ = 7.65 x 10
stag

5 x 16.64 x 10° 14.51 x 12

8 = 2.76 x 10™% feet

stag

The values of T were approximated from the airfoll-secction
loft lines. A curve of the calculatod boundary-layer thick-
nees for wing station 82 is shown in figure 12,

Calculation sf Heat-Transfer Coefficlients

The coofficlent of cornvective heat transfer from a
heated surface to the laminnr boundary air layer can be ex-
preseed as a function of the boundary-layer thickness by the
equation

kA

Bos = (s)

The value of A wae considered to be a constant (0,765)
from the stagnation region to the minimum pressure point,
and then was considered to decrease linearly from 0.765 to O
at the laminar-separation voint. (See reference )

Since the indicated airepeed varied slightly for each
flizht when pressure-belt data were obtained, the calculated
values of hs_, were corraected to gilve corresponding values

at the design airspeed, 155 miles per hour, by the equation
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; 55
J

By (6)

cerr {4

A tatulation of tLe results of irntermecdlate steps taken to
calculote the boundary-layer tnickness arxd the external heat-
transfer coofficient for wing station 82 s proasented 1n
table II, The curves of calculated values of corrected ex-
ternal heat-trarefer coefficlente from the prossurc-hbelt data
are presentod for all wing and emponnago stations investi-
zated in filguree 156 to 23. Because the flow was assumed to
be srmretrical over the vertical fin, the heat-transafer coef-
ficicnts wore calculated for ono eido only, as shown in fig-
ures 22 and 23, Ths curves show that in all cases the exter-
nal heat-trarnsfer coefficlent incrensee ag the chord and the
leading--edge radius decrease, with the exception of staticn
127 of the horizontal stabilizer, at which voint the calcu-
lated heat-transfer coefficlent 1s highest for the stabllizer,
It 1s belisvod that this incroased hoat-transfer cocfficient
for station 127 of the stalbliligzer 1s due to the effect of the
higher alir velocities in this region caused by the propellor
elipstream,

Air-Flow and Feat-Flow Calculations

The welght of alr roquirod to produvce tho dcsired skin-
temperature rise was evaluated on the basis of tentatively
fixed dimensions and coverage of the corrugations and the
allowable inlet-air temperature. The conditions, whkich must
exist for tho establishmont of a satisfactory flow distriou-
tion through the system, are that tho prassuro losses along
all streamlines must be equal and that the skin-temporaturo
rise must nrovide ice protection. Pressure equilibrium for
tho system was ostablished by calculating the losses in the
corrugations at the wing-root and wing-tip sections and ad-
Justing the bafflo position to dprovide spanwise duct loss
equal to the difference between the twc chordwise corrugation
losses.

For the calculantions to determine tho roquired hoatod-
alr flow to produce a desired temperaturo rise, the leading-
edge reglion was divided into three scgments as follows: O-
to 3-porcent chord, 3- to 7-porcent chord, and 7- to 10-per-
cont chord. Since tho corrugation passagos were of constant
cross soctlon, the exact value of the design skin-temperature
rise (100° F) could not be established at all polnts on tho
leading edge - that 1s, some variation was unavoidable., The
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vrocednunre followed war to assume 100° F rise for the gkin

from O~ to 3-percent chord, calculate the requlired heated-
alr flow, and then determine the tempera‘ure rice aft of 3-
percent chkord produced by that alr flow, After satisfactory
alr flows vere established for tLe corrugation passagcs at
the wind root and tip, the baffle location was determined.
The establishment of pressure equilidrium, which was accom-
plished by a trial-and-error zethod, rcaguired slignt changcs
in the heatcd-air distribution wkich, in turn, produced
ckanses in the skin-taemvoerature distridbution. These ckanres,
however, were not cxcessivo and the final ekin temperatures
all woro appreximately equal to the doeign requirement. The
dotailed application of tho gzeroral proceluro outlined abdove
for the wing outer-panel and empannage leading-edge systens
is presented in sufficient detail to illustrate the process;
the remainder of the analyeis 1s presonted in tabular forn.

Pirst avproximation of reguired heated-—air distridution,-
The first calculation consiatcd in establisning the hcated-
air flow requireod at two astations, ono at tho wing root and
one at the wing tip, to produce a skin-temperaturo rise of
100° P from O- to 3-percent chord, Consldcring the flow in a
pasgazc formed by a single corrugation on the upper surface
at station 82, the heat flcw from a l-inch strip of skin to
the ambient air must be balanced by an equal flow of heat
from the air in the passage to the skin, or

Baws B(t, = %,) = hguy Blt, = t,) (?)

On the basis of previous experience, it is belioved that the
maximum safe overating temverature for air in contact with
aluminum-alloy structures is botween 300° and 400° ¥, Con-
soquontly, thec air-temporature riee adbove ardblont air from
the heated-nir source was assumed to be 300° F, 1If a 10°
air-tenperature drop is assumed tetween the heated-air source
and station 82, the temverature of the air at the corrugation
entrance will be 200° F. The air-temperature drop through
the uppor corrugation from O- to d-percoent chord was found by
trial and error to be 87%° F, Thereforo, the average te¢muera-
ture of tho air in the corrugation will bve

(¢,) =290 - 27 = 2460 7

I~

Sinco the design froe-air temmorature t, is 0° ®, the re-
quired skin temnerature t, will be 100° F, The avorage
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external heat-trensfer coefficlent h,_, for the O~ to 3-

percant-chord upper surface, obtained by graphical integra-
tion fro= figure 15, is 15.1 Btu per hour per square foot,
degrees Fahrenheit. The reouired internal Leat-transfer coef-
ficient, as obtained from eouation (7), is as follows:

(e)

..1',6

Substituting the above values into equation (8) gives

= 15.1 x (100 - 0) _ 10.34 Btu per hour, square
246 - 100 foot, dezree Fahrenheit

The equivalent diameter for a corrugation is 0.0192 foot.
Using the valus of thermal conductivity for air at 246° F
obtained from figure 10, the Nusselt number is

Raua D
¥u = Pa=s Do _ 10.34 x 0.0192 _ ;4 30

k 0,0183

The corresponding Reynolds number is taken from figure 24,
which gives the Reynolds and Nussslt number relationship ob-
tained frem figure 76, page 171, of reference 8 for the flow
of air inside pipes.

GD
Re = —& = 2,50 x 10°
Y3

Using the value of absoluto viscosity for air at 246° F as
obtainod from figure 10 gives

-5
l;él_f_lil__ = 1.265 pounds ver second,
0.0192 square foot

G = 2.50 x 10° x

The cross-sectional area of a single corrugation is 0,000651
squaro foot. The welght-rate flow of heated air required to
ralse the temperature of the strip of skin analyzed 100° F,
then, 1s

w=06XA4 =1,965 x 3600 x 0,000651 = 4.61 pounds ver hour
per corrugation
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To check the heat balance, the total heat transferred from
the strip of skin to the amtient air is assumed to de equal
to tho total heat romoved from the heated alr in passing
through the corrugation from O-~ to 3-percont chord:

by S(t, - t,) = wep Aty (9)
where S = L/12 for a single corrugation. The valuo of L

ie obtained from figure 25, Then

L
=7 1

0.774

k (g - t,) = 15.1 x X 100 = 97.4 Btu per hour

and

wey Aty = 4,61 x 0,242 x 87 = 97.0 Btu per hLour

Similar calculations were made for tne wing upper surface
at station 382, The air-—temperature drop from stations 82 %o
382 was assumed to be 30° F, which on the basis of flight data
from similar designs apveared to be a reasonable value. ZDased
on this assumption, tho temveorature of the air entering the
corruzation then will be 260° ¥, Tho air flow nocoseary to
raise the skin temnerature 100° F for tha O- to 3-percent-
chord section was found to be 7.0l pounds por hour per corru-
gation. Tho analysis was corpletod for tho uvper corrugations
of wing stations 82 and 382, using the previously established
air-flow rates to determine the temperature rise of the skin
aft of the 3-percent-chord point.

The air-vressure drovs through tho uppor corrugations at
stations 82 and 382 were calculated for these air-flow ratos,
ueing the eguation

2

3
(v, - v,) foy NG v

Py = Pg= 2 1.4 AT S . (10)
[:4 4

which is a form of equation (22c), page 128 of reference 8,
where thes subscripte 1 and 3 represent ths regions shown
in figures 3 and 5. The values of the friction factor f,,

were obtained from figure 26, which is taken from figure 51,
page 118 of reference 8, It was found that the pressure loss
througih the corrugation at station 382 was sreater than that
at station 82, and therefore this air distribution never
coculd b? obtained with the same size of corrugations at the
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two stations. Congsequently, the surface tsmperature for the
cection from C- to 3-percent chord could not be raised ox-
actly 100° F simultancouely at ths two etations. Previous
cxporionce Lae shown that after a2n approximats reguired valuo
of air-flow rato has bcon found, based on the dosign ekin-
temporature riso, the actual air-flow rate which will givs
preseure equilitrium is most readily establiehsd by assuding
air-flow ratse, chscking prseeure drope by an aprreximate
msthod, and then calculating the skin-tsmpsraturec rises.
Trile procedure, thersfore, wae followed for the remaining
wing-outer-panel calculations.

Rocalculation _of heated-—air distribution.- The approxi-
mate method of determining the pressurs lose in thse corruga-
tion passanes consietod in ueing tho sscond term only of equa-
tion (IL). gince the first term 1e of minor importance and
can be introducsd ae a refinement of the final calculations
without affecting the resulte to any appreciable oxtent,

For the uvpsr corrugation at wing station 82 an air-flow
rate, based on tiis preliminary calculations, of 5.00 pounds
per hour was assumed. Then

5

G = = ¥y . = 2,13 pounds per socond, squarc foot
0.000651 x 3500

Bassd on this air-flow rats, ths air-temperature drop in the
corrucation from O- to 3-psrcent chord was found by trial to
be 84 I, Thsn the avorage air temperature ie

0 o
= 2 - —= =
(t2),, 80 = 248" F

Ueing the value of absoluto viscosity for air at 248° F, ob-
tained from figuro 10, the Reynolds numbor is

¢ . :
Re = _Es - 2 X 0% L 269 x 10°

and from figurs

Uging tho value of thormal conductivity at 248° F, obtainsd
from figure 10, the avallablo internal hcat-transfer coeffi-
ciont is
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ha.eg = lﬁ;g_l_ﬁ_:lﬂi = 10.96 Btu per hour, equare fo0%,

0.C19 degree Fanrenheit
Prom flgure 15,

Nomn = 15.1 Btu per hour, equaro foot, degree Fahrenhelt

Tho average ekin—temrerature risc is caleulated from thre fol-
lowing equation:
h,_ b
by = (11)

hy—e * Be-7

which is reduced from equation (7) when %,

- 10.96 x 248
10.96 + 15.1

- 104° 7

To chock the neat bvalance, the total heat gransferred fronm
tho l-inch etrip of akin to the anbient alr 1s agsumed to be
eaqual to the heat transferred from the heated alr in travol-
1ng from O- %o 3-percent chord (equation (2)). Substituting
apnroﬂrlate valuee glves

L

B o L (tg = ty) =15.2 X 0.774 y 104 = 101.4 Btu per RBour

=7 12

12
and

weyp Aty = 5.00 X 0.242 % 84 = 101.6 Rtu per hour

«hich show thsat thermal equilibrium has beon established for
this sectlon.

Repeating the calculatlons for tho sectlons aft of 3~
percent chord, nsing the values of externsl heat-tranefer
coefficient from flgzure 15, the ekin-tomporature riges shown
in table 1II for the upper surfaco at station 82 were ob-
tainod.

For an upper corrugation at station 382 the entering air
tonporature was assurmed to be ?60° F and thc alr-flow rate to
ve 6.20 pounds per hour Yver corrugation. Tho resulting skin-
temvnerature rises wore calculated and are prosentod in table
I11.
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n
The valuo of ’125) for the upper corrugation at station
av

n
GD
82 wae essumed equal to the value of (—Eﬁ) fcr the central

region, 3 vercent to 7 percent, which from table III is

(5.8

) = 2.88 x 10°
b Jav

From figure 286,
f = 0.0114
The value of Y 1in the case 5f the corrugations is equal to
and is taken from figure 25, Tor a single corrugation

0.0042 foot Tren the vrossurae drop from region 1 to
, neglocting entranco and exit losses, froam cquation

2.13" (30.6 - 37.8) , 0.0114 x 1.893 x 2.13" x 34.2
32.2 2 x 32.2 X 0,0048

-1.015 + 10.85

9,84 pounde par square foot or 1,89 inchee of water

Similar calculations were rade for tle lower corrugation
at station 82 with r flow rate of 5.20 pounds per hour wver
corrugation. The air-pressure drov throungh the corrugation
was found to be 1.20 inches of water, which is cubstantially
tre same ae the value for tho upper corrugation, indicating
that pressure equilibrium for the upper and lowor corrugations
has been established.

Rovpeating the calculations for wing station 382, the
prossure drop through the upver corrugation wns found to be
1.32 inches of water with a flow rate of 6.20 poundr per hour,
and 1.35 inchee of water through the lower corrugation with a
flow rate of 6.70 pounds per hour. A tabulation of tha pres-
sure-drop calculations fcr the four wing stations analyged is
presented in table IV,

Air-pressure drop through wing leading-edee duct.- The

air-pressure~drop calculations for the wing and empennage
leading edges vere based on the assumption that the air trav-
elod through a smooth duvuct formed by the baffle plate and the
leading~edge corrugations. In tho cass of the wing, the
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leading-edse dust was considered to bhe fcremed b the baffle
Plate and the nose-rip liner for the smeation of span indoard
of station 292,

Usine figure 28, the average afir.
11 to station 82 for the wing 1g 5.00

~

Tugation for the upper surfaco and 5,1
corrugation for the lower surface, or a total average of
10.15 pounds per hour per c¢orrugation. Since there are five
nose rits between stations 11 ang 82, tha total air loet
through the corrugations from station 11 to etation 82 1,

10.15 x [(82 - 11) . 5] = 670 pounds Per hour

Then the air-flow rate in the londing-edge duct at sgtation 82
is

Wy = 4130 - 670 = 3460 pounds per hour

Tho wing leading—edre—duct dimensione are given in figure 29,
At station 82,

A = 0.458 square foot
B = 0.160 souare foot
3480
S — — = £.10 peundas per second,
3800 x 0,458 equare foot

0.64 foot

B = 1.59 x 10°° pound Per second, foof

2.10 x 0,54

4
R e A Sl x 1
1.59 x 10-5 .50 4

From rfigure 26,

f = 0,00483

) X 0
(v,) w . ~— = 37.8 cubic feet per pound
av
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To calculate the air-pressvre drop, equatfon (10) was used.
Since the alr-temperature change is small through the incre-
ments of duct analyzed, the first term may be neglected.
Then the preesuro drop at station 82 for 1 foot of span is

Sinie £¥6% v, _ 0.00483 x 1 x 2.10° x 37.8
1

2gn 2 x 32.2 x 0,160

= 0,0731 pound per square fonot per foct or 0.01501
inch of water per foot

Reveating the calculations for several other stations, as
thown in table IV, plotting the results (fig. 30), and inte-
#rating the area undor the curve from stations 82 to 382 re-
sulte in a total air-pressure drop through the leading-edge
duct between these staticns of 0,52 Inch ¢f water. For equi-
1ibrium conditions, the alr-pressure drop through the corru-
gations at station 82 must be equal to the alr-pressure drop
through the leading-edge duct from stationsB82 to 382 plue the
air-vressure drop through the corrugations at station 382.

(p, - py),, = (ap,) +(p, - p,)

ez to aea 3ez

From the calculations,

(p, - DS)PQ = 1.90 inchee of water

(AP1)e, to sma * (P21 - P3)yay = 0.52 4 1,34 = 1.86 inches of
vater

which show that preesure-equilibdbrium conditions have been
adcquately established. Since (p; = py),, 1is slightly

greater than (Ap,),, . ;ez * (P1 = Pa),,,s @& slizhtly

greeter alr flow through the corrugations near station 382
might be expected, with a corresponding slight increase in
skin-temvorature rise in tho region near the wing tip which,
as seen froz table III, 1s desirable,

A comparlieon of tlhe nreessure~drop difference of the air
passing through tho corrugations at tho fonr wing stations
with tho alr-pressure drop through the leading-edsgs duct, with
station 82 as reference, 18 shown in figure 31, The shape of
the air-flow-distribution curves (fig. 28) devends on these
tvo curves. When vressure~drop equilibrium has beor estab-
lished, the two curves of figure 31 should coincide, 'since
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the air-oreseurs-dron difference of any two corrugations =nust
equal the air-vressure drov through tre leading-edge duct de-
tween these two noints. From the curves shown in figure 31, it
ie evident that the a*r-flow-distridbution curves skould be
slightly less -~oncave in order to estatlish equilidrium..

The method of calculating the air and hecat flows and
prossurc drovs for the horizontal stabilizzr and vertical fin
wae tha game as for the wing, A lcading-edge-~duct air tem-
teratura of 27C° ¥ was assumod at horizontal-etabilizer sta-
tiecn 72 and at vortical-fin station 122, The gonceral dimen-
sions of the horizontal-stadilizecr leadinc-edge thermal sve-
tem as used in the calculations are given in ficures 32 and
33. The stabilizer air and heat flowes and skin-temverature
risees are prosonted in table V and figure 34, and the alir-
prossure drcuvs arc yrogsented in tadble VI and figure 35, The
menoral dimensions of the vortical fin as used in tho calcu-
latione are glvon tn figuree 36 and 37. Tro fin air ard heat
flowe and skin-temperuaturc rises arc presented in tadle VII
and figure 38, and the air-pressure drops arc presentcd in
table VIT and figure 39,

AIR-HEATED-WINDSHIELD DESIGN

The approach to the air-heatod-windshiold design was dif-
forent frew that usedi in the analysis of the airfoil scctions.
Since the value of the extcrnal heat-tranefer coefficient for
the windghield surfacc wae not ¥nown, the method outlined in
reforenca 9% was used and a snecified heat flow through the
windghield outer vancl was estnablished as the heat requircment
for ico vrevention,

As in tho analyrsis of the wings and onpennage, certain
factors were fixed and an attomnt was made to vary the remain-
ing factores to satiefy the design roguirements. The fixed
factecrs consisted of the windshield area and shape, while the
variadble factore consisted of the heated-alir temperature, the
fiow rate, and the cap thickness. Consideration of the
gtrength of the glass and the coufort of *he pilcts limited
the hented-air temverature to ¢ maxiruvm value of about 200° F.

The necessary heat flow through thc windshield outer
panel was takon as 1C00 Btu per hour mer square foot, as rec-—
ommendeod 1n rsforenco 9., Tho outer paneli consists of two
layers of seri-temvered plate slass 0.1095 inch thick each,
geparatod by a layer of vinyl plastic 0.125 inch thick. The
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trherzal conductivity of tre glase was taken as 6,67 Ftu per
hour, square foot, degree Fahrenheit per inch and the thermal
condunctivity of the plastic was assumed to be 1.25 Btu per
heur, squnre fool, degrez Fahronheit per inch, although this
value is not considered accurately established. The thermal
cecnductance €  for the onter vanel was calculated from equa-
tion (3) of reference 9;

(12)

vhere 1 designates the thickness and X the thermal con-~
ductivity cf each of the three “ayers. Tlc¢n

C = -~
0.1095
6.67

= 7.54 Btu per hour, sequare foot,

125 desree FTahrenheit

1
x2+..o..?..
1.25

In order to obtain the rsquired heat flow through the outer
panel at the outer-surface temverature of 50° ¥, as specified
in reference 9, the inner-surface temmeraturs must b

_ 1000 + 50C

by = 5 (13)

wvhich for the subject windshield is 183° F. Ae was stated
previously, the heated-windshield design included a secondary
heat exchanger which wculd transmit the heat of primary heat-
ing air from the exhaust exchangers to secondary air for
windshield and cockpit heating. Calculations using the method
of reference 9 indicatcd that no practical double-panel deeign
which wonld give thao renuired hcat flow was poseidble with the
hoat availadle from & sacondary hoat-exchanger installation
that used the remaining hcated air from the inbcecard exchangers
after supplying tho empennage srstem. Tihe secondary exchanger
installation was necossary, however, in order to supply cock-
pit Leated air free from carbon-monoxide contamination in the
event of loakages Iin the oxhaust exchangerse. The windshield
installation finally adopted concisted of (1) tre doudlo-panel
arrangomont which would vrovide the owti:ur heating for thre
allowable prossure drep tLrcusi the gap, and (2) a moans of
discharging tho primary air from the secondary exchanger over
the outer surface of the windsghield. 1In crdar to provide for
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In the air-pressure-drop calculations, the corrugation
entrance nnd exi%t losses were neglected. In the case of the
wing, the pressure drop of the air traveling from the note-
rid-tiner duct te the corrugation entrances wasg neglected as
woll., Since the purpose of the precseure-loss caltculations
wae to determine the air-flow distribution which would result
durings flight, neglecting tho entrance and exit losses would
change the alr- and heat-flow calculatione only slightly.

Tho air velocities in the corruzatione at tho tip regione are
higher than in tho corrugations at the root regions; conse-
quently the entrance and exit losses would bo higher in the
tip rezions than at the root sections. The alr-flow rates
through these corrugations, thersafore, wculd probably be less
than caleulated. The curve of friction factor f as used in
the calculatiocns of pressure drop is intendod for isothermal
flcw, ae stated in reforenca 8, but was asgsumed to be suita-
ble for the pclytropic flows ef the annlysis.

LLOWER TEZSTS OF WING LEADING-EDG: THIRMAL SYSTEM

Upen completien of the right-wing leadinc-edze thermal
systom, blower tasts of the leading ads> were conducted to
ottain 1sothermal air-flow data to coeturminy the dceirabdility
nf installing a nere«rid liner

A blowver was ccnnected to the leading-edpge duct with a

venturi meter installed to obtain the air-flow rate. With
avproximately the required air-flow rato of the analyerie sup-
plied to the leading-cdge system by the tlower, the total
nressure of the air eu% of reprecontative upver and lower
corrugatione betwoen eacl nose-ridb dbay was zneasured by meens
ef a survey tubo cennected te an open-end manomoter From
thase total preesrures, tho air-flow rates in the ccrrugetions
ware calculatod.

A blowur tost was first made witheut %iae nose=rid liner
installed in order te detorminre if a lirer would be necessary.
It was found that the pressurc drop along the leading-edge
dvet was exceeelve and vrevented the desired flow of air
through the corrugations in the rcgion of station 382. The
nose=rid lincr wac then instailed and holes wore cut in tho
liner to givo anmproximately tho sane arca as the corrugations
they supvliod, Tcgts wero made 2nd the air-flow-dietridution
curve then comparcd favorabdbly with thc calculated distridu-
tien curve. A comparisen of the curves of the two tests with
the calculated curvee 1s ghown in figure 44.
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circulation of air through the secondary exchanger and wird-
ef.ield syctenm by the dynamic pressure of the free streanm,

tho allowable preesure drop throngh the windshield gap was 4
inchee of wator. Basod on the equatione of reference 9, it
was indicated that tho optimum hoating of the windshicld

outer panol with a 4-inch pressure drop in the gap would bo
provided with an air-gap thicknoss of approximately 3/16 inch.

The reason for the difficulty in obtaining the necessary
heat flow through the outer panel was due in part to the lack
of heat available and in part o the low thermal conductance
of the panel. Thie low conductance was caused by the rela-
tively thick vplastic layer of low thormal conductivity.
Therofore, it 1s apnarent that in the design of air-heated
win@shielde attention shculd be directed to securing an outer
vanel of high thermal conductivity.

RESULTS AND ERRORS

A general summary of the calculated hoated-air flows,
skin-temperature rises, and air-pressure drops for the wing,
horizental stabilizer, and vertical-fin thormal systoms 1s
prosented in figures 40, 41, and 42. Table VIII givee a sun-
mary of the calculated heat flows. .

Acido from experimental errors involved in the determi-
nation of nirfoil pressuro dietribution, the foregoling treat-
ment of the analytical problem has introduced several errors
which ghould be acknowledged.

An error was introduced in the use of the arithmetic
averagze for obtalaing (ta)av. the average air temperature

in a corrugation between two points. A calculation of the
air-temperature change through the upper corrugation at wing
station 82 was made using small increments of corrugation
length. This more exact calculation of t; 1ie compared in

figure 43 with the stralzght-line temnerature gradient assumed
in the nnalysis. The maxirum deviation betwoen the two
curves was found to be 1.24 vercent. A tabulation of the
calculations made to obtain the more exact curve of the air-
temperature change is presented in table IX,

The effects of radiation and conduction from the corru-
gation walls to the leading-edge skin wero also noglected.
Hewever, since the corrugation ducts are 3/4 inch wide and
aro required to heat a l-inch strip of skin, these errors
tend to compensate each other.
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Althourh the experimental distribution curve is for iso-
therral air flow and the calculated distridbution is for a
polytropic flow, the tests indicate that the desired air-flow
diastribution will be approximated at the design flight condi-
tions.

DISCUSSION

The analytic procodure involved the omnloyment of
assumed atrospheric ond flisht conditions previously eestal-
lisked as criteria in former design calculatione of thermal
ice-prevention systeme. Teste of the equipmant for the C-46
airplans will help to determine the completoness of the de-
sign criteria and the accuracy of the analytic methods, and
possibly will permit their extension and refinement. The
calculation of heat transfor from the airfoil surfaces to dry
air wae an expedient necessitated by a paucity of data on tho
wator contont and drop sizes in the atumosphero at various
tomveraturos. ZEfforts are being mnde to determino from sta-
tistical researchee of the atmosphero valueas of temperaturo,
pressure, water content, drop size, and humidity, which may
bo used to estadlish the optimum design criteria for thermal
ice prsvention., When such data have boen established, the
hoat reauired csn te based on the combined transfer duo to
air convection and water-drop impingement on the airfoil sur-
facos.

The use of the method of utilizing the airfoil pressure
distribution to obtain the required heat for thermal ice
prevention aprears entirely feasible in tiie design of future
thormal ice-prevention systems. The preasuro distridution
for any airfoil may be calculated as well as determined exvor
imontally. Methods of calculating the external heat-transfer
coefficients in a turbulent boundary layer are available
(references 10 and 11) in the evont that the transition point
from leminar to turbulent flow occurs within the hoated region
of the airfoil, Once the required heat flows bdased on a given
surface-temperature rise are established, roush calculaticns
can bo made for various thermal-system desirng to determino
tho optimuz required heated-air flows, After tho design has
been doecidod uvon, a completo analysis can be made.

Svmmarizing, the general vrocodure for analyvsis is as
follows:

1. Determnine the external heat-transfer coefficlents
from airfoil pressure distritutions.
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2., Determine the required heat flows through the air-
foil leading edges for a given surface-temperature
rise.

3. Tetermine the recessery heated-air flows and required
heat-exchanrser cutput, and correlate the air flows
with the resulting air-pressure drops for a given
thermal-syster dasign.

Axres Aoronautical Laboratory,
Naticnsl Advisory Committee for Aeronautics,
Hoffett Fleld, Calif.
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TABLE VIII.- SUMMNARY OF HEAT-FLO¥ CALCULATIONS FOR THE
WING, HORIZONTAL STABILIZER, AXD VERTICAL FIN
TEZRMAL SYSTEMS OF THE C-46 ATRPLANE

SR
Total heat
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at Total heat
x‘“gi ng- ¥ alr tem- ;u:dpin ed dto
edge . perature eading-edge
surg;ce (1b/br) rise thermal system leadin;-eage
(°F) avove O° F eur gc%
(Btu/nr) (Btu/or

p—— 4t

A .
Wing 4130 300 301,000 115,500
Stabilizer 2514 275 167,000 32,640
Fin 1120 270 73,000 19,860

Qr - | S 1 Qg/S
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removed from | surface surface
1eading edge | (eq ft) (Btu/(br)(sa £t))
S |

e et

4 38 94.5 1220
stabilizer 18.9 1730

Fin M. 1350 |

S

TABLE IX.- CALCULATION OF HEATED-AIR TEMPERATURE CHANGE
THROUGH UPPER CORRUGATION AT WING STATION 82
OF THE C-46 AIRFLANE

5.0 pounde per hour per corrugation
2.13 pounds per second, equare foot
14.51 feet

y(°r/10)] |
£)(°F) ]

Ll

(hg=e)av

2 [Etu}(hr){ao f

|

gkin temper-

=% 10°
(i)
-ePe
k
4
ature rise
(°r)

(bgas)
[Btuf(nr;(sad}t)(or}]

GD¢ x 10 °
Average

by

i [Btu/(nr)(ea It

|
]

o | [1b/(ee

|

) AR
[

@ |

—

e
.n .

1
e S
el
B
33
2285
coowoO

=000 |
b T T . s |
-U'bMHDW-\?

L oo

. .

Yl
e
[

ot
G'O'—DU‘OO

wavmmmmmmm]
FRDooHn RO 30 (ta)
qumuumqwamw av
o
P
e =
00009
=TT

| 161
| 105

o

[ X
el
o000
=T=1=g

L
\'l-.'IG‘DO’.‘)b'-UI-JW

I
rmh}h" mn p N
o

|

|
-




+paTTEBIBUT SBA auamndinbd =3wﬂm»w.mﬂtuwww -
remzeyy U3 UOTUA ut suerdate oD

3
-
n
o
=
=
]
(&)
]
=




TFZATINE SNO/LPLS T/ OV WTLSAS NOILLNTZATIT -T2/ THHIZrL FHL
ON Iy Of s~ FWVE7TI7p PF -2 Fhe 7O 77N FILOO IV LHO/F It = 2 FI29/F

SOILNVNOMIV HOd
JILIIRNOD AMOSIAQY TVNOILVN

a.\u\.ﬂ...t_?.b\\\.\k\u‘\v\ <o FIN/Z BIFTION ONF
PN -TID LTPNNT O NOILPIOT— - SEI/EFFronw =0 OnF ——5




NACA ARR No. SA03

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

NOSTELIE
LINERL SOLES —

Sl LL E CORRIGL T /ON S

NOSER/ 8BS

VOSERr 8 L/ NVER

NOTE: NOSERIES IND NOSELL/ B L /NELL END
AS S TLT/ON L9,

7(AMEBIENT 472)

LELG/ONS Of ANLLY S/ S

FIGURE 3.~ DETAILS OF THE HING LELI/NG LD L
TAELCUAL SYSTEA OF JH L oS5 ALELL AN E-




NACA ARR No. 5A03

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

L) EVOE L~ THE EMPLNNAGL OF THE - ME AELUANE
THONWNG THE THELCHAL JEE-PCEVENTION
TV ST E AND THE TIATV/ON S ANALYZED.




p

PLAT £

ﬁATlONAL ADV1SORY CO\NITTEE
FOR AERONAUTICS

BAFFLE




NACA ARR Fo. SA03

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

AR GIP
THIEANESS

HNEATED A0 FROM
JFCOA/&/I/ NEAT
t‘XC'//l/VGA'R.

PETAILS oF THE /V//Vﬂ./#/ljﬂ
THELAAL TYSTEA OF THE

Cc-F6 A/ LPE ANE

L/EILE S.




on the c-46 wing for

e Delt mount
jbution over the leadlng

-~ Pressur
ressure distr

Figure 1.
ing the P

measur
edge.




“utl ay3 Jo 88pa BurpweT Ay 4940
uorInqrayetp eanssadxd eyq Juianssam J03 owuw mwaeuw._.. utl
T80T3J94 9f-D 343 uo pajunom 3Taq amesaxd —~°g ouanItd

[x]
Q
<
n
(-]
=
<
<
[&]
<
E S




NACA ARR No. 5A03

- The water panoneter used for indicating pressures
e preesure belts, with & typical preesure
6 airplane.
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Figure 15.- Calculated external heat-transfer coefficient from preseure-belt
data for wing station 82, C-46 airplane.

Q
16

=l
(V]




ITACA ARR No. 5a03
+4

P il

S

X i

——Ref. chord|
DStagnation point

ot

" -
ADVISORY LOMMI
AEROKAUTICS

O

.......t_ ]

S T |

- e

NG

& 10$ chord

0 i

16 12 8 =+ 0 4 8 15
Lower surface s/e x 100 Upper surface

Flgure 16.~ Calculated external heat-transfer cocfficicnt from pressure-belt

data for wing station 157, (-2~ mirplana,

= e W & e GRS T i,




1
12 8
Lower surface
Calculated ext

s/c x er s e
ernal peat-transfer coetiic ent from pressure-oe

station 292, C-46 airplane.

iata for wing

Figure 17.-




NACA ARR No. 5A03
44

(hg-7)max=70-2

\
- |

Ret

X —

Stagnation

I-o.z; chord

VI SORY,
HONAU

L
B4

N\ 10% chord

ol i bs

16 12 8 4 (¥ 4 8 12 16
Lower surface s/c x 100 Upper surface

Figure 18.- Calculated external heat-transfor coefficient from pressure-delt

data for wing station 382, C-46 airplanc.
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Tigure 19,- Calculated external heat-transfer coefficient from pressure-belt
data for horizontal stabilizer station 72, C-46 airplane.
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Tigure 21.- Calculated external heat-transfer coefficient from pressure-belt
data for horisontal-stabilizer etation 172, C-46 airplane.
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Figure 22.- Calculated external heat-transfer coefficient from pressure-belt
data for vertical-fin station 122, C-46 airplane.
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data for vertical-fin station 172, C-46 airplane.
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